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(57) ABSTRACT

Self-grounded circuitry (10) includes a signal channel con-
ducting an output voltage (V 5, ). A charge pump (2) pow-
ered by a reference voltage (V ;) produces a control voltage
(V.-»). The control signal 1s at a low level if the reference
voltage 1s low and 1s boosted to a high level 1t the reference
voltage 1s high. A ground switch circuit (135) includes a deple-
tion mode transistor (MP1) having a source coupled to the
output voltage, a gate coupled to the control voltage, and a
drain coupled to ground. The transistor includes a well region
(4-1) and a parasitic substrate diode (D3-1). A negative volt-
age protection circuit (17-1) includes a depletion mode first
protection transistor (MP3-1) having a drain coupled to the
well region, a source coupled to a source of a depletion mode
second protection transistor (MP4-1) having a drain coupled
to the output voltage, the first and second protection transis-
tors each having a gate coupled to the control voltage, and

also includes a diode (MN1) coupled to charge the well region
from the control voltage conductor to prevent distortion of the

output voltage.

20 Claims, 4 Drawing Sheets
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NEGATIVE AUDIO SIGNAL VOLTAGE
PROTECTION CIRCUIT AND METHOD FOR
AUDIO GROUND CIRCUITS

BACKGROUND OF THE INVENTION

The present mvention relates generally to “audio ground
switches” that include depletion mode MOS {transistors
which function as audio ground switches connected to pre-
vent build-up of charge that may result 1n discharging and
associated popping sounds when a headset 1s plugged 1nto an
audio signal jack of a device generating the audio signal.

The discharge of the above-mentioned charge build-up
occurs because an audio ground switch, along with circuitry
connected to 1t, have parasitic capacitances, inductances, and
resistances that are subject to build up of static charge which
can be discharged similarly to common electrostatic dis-
charge (ESD). The above-mentioned built-up charge 1n audio
ground switch circuitry may be electrostatically discharged to
ground at the instant a headset 1s connected to circuitry con-
nected to the audio ground switch. The resulting current
through the headset speaker resistance may cause the above-
mentioned clicking/popping sounds.

Referring to FIG. 1, a conventional audio ground switch
circuit 1 1s implemented 1n an integrated circuit chip that
includes a conventional charge pump 2 coupled between a
positive supply voltage V5 and a system ground. Charge
pump 2 produces an output voltage V., on conductor 3.
Charge pump 2 includes conventional internal circuitry that
discharges V ., to zero volts i1f V,,, falls below an under-
voltage “lockout threshold” voltage. The charge pump output
voltageV - »1s connected by conductor 3 to the gate electrodes
of P-channel MOS (metal oxide semiconductor) depletion
mode field effect transistors MP1 and MP2 which normally
are 1n their conductive ON states when V ., 1s at zero volts.
When V 5 1s at a normal level, for example 3.3 volts, then
charge pump output voltage V -, 1s at a boosted level, for
example 7 volts. The source of depletion mode ground switch
transistor MP1 1s connected to a conductor 6-1 having an
audio information signal voltage V ,,,~ thereon, and the
source ol depletion mode ground switch transistor MP2 1s
connected to a conductor 6-2 having an audio information
signal voltage V ;- thereon. The source electrodes of deple-
tion mode transistors MP1 and MP2 are limited to a sudifi-
ciently low voltage that, combined with the boosted charge
pump voltage V ., they produce a suificiently large gate-to-
source reverse bias voltage VGS to change the state of deple-
tion mode transistors MP1 and MP2 from their conductive
regions of operation to their cutoil regions.

FI1G. 2 shows the connections and signals associated with
depletion mode transistor MP1 in more detail for the case 1n
which V , 1s equal to zero. Depletion mode transistor MP1
has P-type source and drain regions formed in an N-type well
region 4 of depletion mode transistor MP1. The P-type source
and the N-type well region form an associated parasitic diode
D1 which has a substantial parasitic capacitance, and the
P-type drain and the N-type well region 4 of depletion mode
transistor MP1 form an associated parasitic diode D2 which
also has a substantial parasitic capacitance. The N-type well
region 4 1s formed on a P-type substrate and together they
form an associated parasitic substrate diode D3. (See the
integrated circuit section view of depletion mode transistor
MP1 1n subsequently described FI1G. 5.) If MP1 1s “open” 1n
its high impedance OFF state, a large negative voltage on
conductor 6-1 will certainly forward bias substrate diode
D3-1, but that 1s not the case 1if MP1 is conductive and there-
fore acting like a ground switch. If MP1 1s 1n its conductive
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ON state, 1t 1s unlikely that any audio signal would be present
because 1t would not be able to be developed across the
parallel combination of the ground resistor R1-1 and the low
channel resistance of MP1, which might be somewhere
between 0.1 and 1.0 ohms.

A relatively large-amplitude audio signal having a range
of, for example, £2.63 volts may be produced on conductor 7
by an audio amplifier 8 1n a conventional CODEC (coder-
decoder) 11. That audio signal 1s coupled across a resistive
voltage divider including a 16 ohm headset resistance R2 (of
a headset 13) coupled between the output 7 of audio amplifier
8 and V ,,,~ conductor 6-1 and a 7 ohm “ground resistor” R1
coupled between V ,,~, conductor 6-1 and ground. Audio
amplifier 8 also 1s referenced to ground. (Audio engineers
sometimes connect a “ground resistor” such as resistor R1 1n
series with the system ground to reduce or eliminate so-called
“oround noise”.) The divided-down output signal produced
by audio amplifier 8 appears as V 5., on conductor 6-1 and
would have a range of £0.8 volts 11 depletion mode transistor
MP1 1n FIG. 2 were OFF 1nstead of ON. However, since
depletion mode transistor MP1 1n FIG. 2 15 1n 1ts ON condi-
tion, 1ts very low channel resistance 1s in parallel with ground
resistor R1 and causes V ,,,, to be essentially equal to zero.
Note however, that audio signals usually are not present while
the depletion mode field effect transistor MP1 1s 1n its con-
ductive or ON state. The signal on conductor 6-1 1s typically
used to provide internal compensation 1n audio CODEC 11.

FI1G. 3 shows the same structure shown 1n FI1G. 2, but 1n this
case V 5 1s not equal to zero. Instead, V ,,, has a sufficiently
large value to cause charge pump output voltage V., to be
equal to approximately +7 volts, which results in a magnitude
of the gate-to-source voltage (VGS) of depletion mode tran-
sistor MP1 sufficiently high to switch depletion mode tran-
sistor MP1 completely OFF 1nto 1ts high-impedance state. In
this case the audio signal on amplifier output conductor 7
typically 1s present, so the full £0.8 voltoutput value otV 5,
1s produced on conductor 6-1 by the voltage division of the
audio amplifier output voltage on conductor 7 by the head-
phone resistance R2 and the ground resistance R1. The same
circuitry shown for depletion mode transistor MP1 1n FIGS. 2
and 3 can, of course, also be utilized for depletion mode
transistor MP2 1n FIG. 1.

The prior art ground switch integrated circuit of Prior Art
FIGS. 1-3 provide a very low resistance in parallel with
ground resistor R1 when no power 1s being applied to the
charge pump 2 (i.e., when V ,,,=0), and ground switch 1nte-
grated circuit of FIGS. 1-3 also turns the depletion mode
transistor MP1 off whenever adequate V ,,, power 1s being
applied to charge pump 2 such that audio information 'V ,,,,
can be produced on conductor 6-1 and applied to the ground
sensing mput of audio CODEC 11 for processing.

The direct connection of N-type well 4 to 'V 5, conductor
6-1 prevents forward biasing of parasitic diode D1 including
the PN junction between the P-type source and the N-type
well region 4 of depletion mode transistor MP1 when V ;-
1s positive. Unfortunately, 1t depletion mode transistor MP1 1s
switched into 1ts high impedance OFF state, then the —0.8 volt
portion of the AC signal V ,,,, on conductor 6-1 may cause
parasitic diodes D2 and D3 to become forward biased, and
that introduces a large amount of distortion into the system
audio signal V 5, .

If speaker or headset 13 1s plugged into the headset jack of
a personal computer or the like when depletion mode transis-
tor MP1 1s OFF, and 11 the audio volume 1s turned up to its
maximum level during a “no audio event” (1.e., when no
desired audio signal such as a music signal 1s being provided),
an annoying audio frequency ground noise signal or “audio
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frequency hum” may be heard from the headset speaker resis-
tance represented by resistor R2. The 7 ohm noise reduction

resistor R1 in the ground path and the headset resistance R2
function together as a voltage divider that reduces the mag-
nitude of the maximum negative voltage swing of V 5,
(—0.8 volts 1n this example) 1n order to prevent forward bias-
ing of the substrate diode D3 formed by the P-type source and
the diode D2 formed by N-type well region 4 of depletion
mode transistor MP1. The 7 ohm ground resistor R1 reduces
the audio hum amplitude during such a “no audio” event. The
R1 ground sense resistor 1s needed to provide a ground sense
input signal to the CODEC 11. This ground sense 1input signal
1s then used to cancel the noise of the ground signal. The need
for this function causes the relatively large-magnitude signal
of +/-0.8 volts to appear on 'V ,,,, conductor 6-1.

Typically, there will be some charge buildup on the para-
sitic capacitances associated with the ground conductor and/
or the audio signal conductor 6-1 whennoV ,, power 1s being
applied to charge pump 2. The main reason for requiring
audio ground switches 1s to provide resistive paths for dis-
charge of such charge buildup 1s resulting from plugging a
headset into a headset jack to recerve the audio signal V 5,
to thereby prevent a sudden electrical discharge through the
headset resistance R2 and thereby preventing the annoying
clicking/popping sounds.

When the audio signal voltage V ., 1s present on con-
ductor 6-1 and 1s applied to the drain of depletion mode
ground switch transistor MP1 1n FIGS. 1-3, then a -0.8 volt
value of V 5, on conductor 6-1 appears on the cathode of
substrate diode D3, forward biasing it and causing a large
amount of distortion 1n V,,,. The main functions of the
depletion mode transistor MP1 1n 1ts ON state are to prevent
static charge buildup and to dampen or slow down any dis-
charge of built-up static charge when the headset 13 is
plugged 1n.

Thus, there 1s an unmet need for improved audio ground
switch circuitry that prevents buildup of charge and thereby
prevent subsequent discharge thereof 1in depletion mode
ground switch transistors under all operating conditions with-
out compromising the quality of desired audio signals that are
present.

There also 1s an unmet need for improved audio ground
switch circuitry that prevents negative portions of an audio
signal from causing ground switch circuitry recerving the
audio signal to produce distortion 1n the audio signal.

There also 1s an unmet need for improved audio ground
switch circuitry that prevents popping sounds caused by dis-
charging of charge built up in the audio ground switch cir-
cuitry at the instant at which a headset 1s plugged 1nto a jack
receiving an audio signal.

There also 1s an unmet need for improved audio ground
switch circuitry that enables use of higher resistance ground
resistors without causing distortion of an audio signal
received by the audio ground switch circuitry.

SUMMARY OF THE INVENTION

Is an object of the invention to provide improved audio
ground switch circuitry that prevents buildup of charge and
thereby prevents subsequent discharge thereof 1n depletion
mode ground switch transistors under all operating condi-
tions without compromising the quality of desired audio sig-
nals that are present.

It 1s another object of the mvention to provide improved
audio ground switch circuitry that prevents negative portions
of an audio signal from causing ground switch circuitry
receiving the audio signal to distort the audio signal.
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Is another object of the invention to provide improved
audio ground switch circuitry that prevents popping sounds
caused by discharging of charge built up 1n the audio ground
switch circuitry at the instant at which a headset 1s plugged
into a jack recerving an audio signal.

It 1s another object of the mvention to provide improved
audio ground switch circuitry that enables use of higher resis-
tance ground resistors without causing distortion of an audio
signal recerved by the audio ground switch circuitry.

Briefly described, and in accordance with one embodi-
ment, the present invention provides self grounded circuitry
(10) including a signal channel conducting an output voltage
(Vo1 ). A charge pump (2) powered by a reference voltage
(V1) produces a control voltage (V ). The control signal 1s
at a low level if the reference voltage 1s low and 1s boosted to
a high level 11 the reference voltage 1s high. A ground switch
circuit (15) includes a depletion mode transistor (MP1) hav-
ing a source coupled to the output voltage, a gate coupled to
the control voltage, and a drain coupled to ground. The tran-
sistor includes a well region (4-1) and a parasitic substrate
diode (D3-1). A negative voltage protection circuit (17-1)
includes a depletion mode first protection transistor (MP3-1)
having a drain coupled to the well region, a source coupled to
a source of a depletion mode second protection transistor
(MP4-1) having a drain coupled to the output voltage, the first
and second protection transistors each having a gate coupled
to the control voltage, and also includes a diode (MN1)
coupled to charge the well region from the control voltage to
prevent distortion of the output voltage by always keeping the
substrate diode reverse biased.

In one embodiment, the invention provides self-grounded
circuitry (10) including a first signal channel conducting a
first output signal (V ;- ) on a {irst output conductor (6-1); a
charge pump (2) powered by a first reference voltage (V)
and producing a control voltage signal (V,.») on a control
conductor (3,V ), the control voltage signal (V ~») having a
relatively low value 11 the first reference voltage (V) 1s at a
relatively low level and having a relatively high value 11 the
first reference voltage (V,,,) 1s at a relatively high level; a
ground switch circuit (15) including a first depletion mode
transistor (MP1) having a source coupled to the first output
conductor (6-1), a gate coupled to receive the control voltage
signal (V ), and a drain coupled to a second reference volt-
age (GND), the first depletion mode transistor (MP1) having
a first well region (4-1), a first parasitic diode (D1-1) includ-
ing a PN junction between the source (14 i FIG. 5) and the
first well region (4-1 1n FIG. 5), a second parasitic diode
(D2-1) including a PN junction between the drain (16 1n FIG.
5) and the first well region (4-1), and a third parasitic diode
(D3-1) including a PN junction between the first well region
(4-1) and a substrate (19 1n FIG. 5) ajoining the first well
region (4-1); and a {first negative voltage protection circuit
(17-1) including a first depletion mode protection transistor
(MP3-1) having a drain coupled to the first well region (4-1),
a source coupled to a source of a second depletion mode
protection transistor (MP4-1) having a drain coupled to the
first output conductor (6-1), the first (MP31) and second
(MP4-1) depletion mode protection transistors each having a
gate coupled to the control conductor (3,V ), and a level-
shifting circuit (MIN1) coupled between the first well region
(4-1) and the control conductor (3,V,.,). In a described
embodiment, the diode (MN1) 1s a diode-connected enhance-
ment mode transistor having a source coupled to the first well
region (4-1) and a gate and drain coupled to the control
conductor (3,V ). Well regions of the first (MP3-1) and

second (MP4-1) depletion mode protection transistors are
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connected to their sources, respectively. In a described
embodiment, the first output signal (V ., ) 1s an audio fre-
quency signal.

In one embodiment, the first signal channel (8-1,R1-1,R2-
1,6-1) includes a first amplifier (8-1), a resistive voltage
divider including a first ground noise resistor (R1-1) coupled
between the first output conductor (6-1,V ;- ) and the sec-
ond reference voltage (GND), and a first resistance (R2-1) of
a speaker of an external headset (13-1) coupled between an
output (7-1) of the first amplifier (8-1) and the first output
conductor (6-1,V ., ). In one embodiment the first ground
noise resistor (R1-1) has a resistance of approximately 7
ohms and wherein the first resistance (R2-1) has a value of
approximately 16 ohms.

In one embodiment, the first depletion mode transistor
(MP1) 1s a P-channel MOS depletion mode transistor and the
diode-connected enhancement mode transistor (MN1) 1s a
N-channel enhancement mode MOS transistor. A channel-
width-to-channel-length ratio of the enhancement mode tran-
sistor (MN1) 1s substantially less than a channel-width-to-

channel-length ratio of the first depletion mode transistor
(MP1).

In one embodiment, the first well region (4-1) 1s an N-type
well region adjoiming a P-type substrate (19). In one embodi-
ment, the diode-connected enhancement mode transistor
(MN1) charges the first well region (4-1) to a voltage equal to
the control voltage signal (V ,.,) minus a forward threshold
voltage (V ) of the diode-connected enhancement mode tran-
sistor (MN1) when the first reference voltage (V ,,,5) substan-
tially exceeds the relatively low level. The first depletion
mode protection transistor (MP3-1) and the second depletion
mode protection transistor (MP4-1) cooperate to perform the
tfunctions of allowing the well region (4-1) to be charged to
the voltage level of the first output conductor (3,V ,, -, ) while
the first depletion mode transistor (MP1) 1s 1n 1ts ON condi-
tion, and wherein a parasitic diode (D7-1) associated with the
second depletion mode protection transistor (MP4-1) pre-
vents escape of charge from the well region (4-1) while the
first depletion mode transistor (MP1) 1s 1n 1ts OFF condition.
In one embodiment, a body electrode of the diode-connected
enhancement mode transistor (MN1) 1s connected to the sec-
ond reference voltage (GND). In one embodiment, the first
well region (4-1) 1s an N-type semiconductor layer disposed
on a P-type semiconductor substrate, the source (14) and the
drain (16) of the first depletion mode transistor (MP1) are
P-type regions 1n the first well region (4-1) and are separated
by a P-type channel region (20) 1n the first well region (4-1).

In one embodiment, the first negative voltage protection
circuit (17-1) operates so as to both prevent clicking/popping
sounds when the headset (13-1) 1s plugged into a jack con-
nected to the first output conductor (6-1) and eliminate audio
hum signals from the first output conductor (6-1) 1t the first
output signal (V ., ) 1s not present and the first depletion
mode transistor (MP1) 1s 1n an OFF condition.

In one embodiment, the charge pump (2) operates to cause
the control voltage signal (V ) to be equal to approximately
zero 1f the first reference voltage (V ) 1s at a relatively low
level.

In one embodiment, a second signal channel conducts a
second output signal (V ,,,) on a second output conductor
(6-2), and a second depletion mode transistor (MP2) has a
source coupled to the second output conductor (6-2) and a
structure essentially the same as the first depletion mode
transistor (MP1), and a second well region protection circuit
(17-2) 1s essentially the same as the first well region protec-
tion circuit (17-1).
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In one embodiment, the invention provides a method for
preventing distortion of an output signal (V ., ) caused by
ground switch circuitry (15) 1n a self-grounding switch circuit
(10), the method including providing the output signal
(Vo) on a second output conductor (6-1); operating a
charge pump (2) powered by a second reference voltage
(V) to produce a control voltage signal (V .,) on a control
conductor (3,V ), the control voltage signal (V ~») having a
relatively low value if the first reterence voltage (V) 1s at a
relatively low level and having a relatively high value 11 the
first reference voltage (V) 1s at a relatively high level;
applying the control voltage signal (V ~») and applying it to a
gate of a depletion mode ground switch transistor (MP1)
having a source coupled to the output conductor (6-1) and a
drain coupled to a second reterence voltage (GND), the sec-
ond depletion mode ground switch transistor (MP1) having a
well region (4-1), a first parasitic diode (ID1-1) including a PN
junction between the source (14 1n FIG. 5) and the well region
(4-1 1n FIG. 5), a second parasitic diode (D2-1) including a
PN junction between the drain (16 1n FIG. 5) and the well
region (4-1), and a third parasitic diode (D3-1) including a PN
junction between the well region (4-1) and a substrate (19 1in
FIG. 5) ajoining the well region (4-1); and coupling the well
region (4-1) to a drain of a first depletion mode protection
transistor (MP3-1) having a drain coupled to the well region
(4-1), a source coupled to a source of a second depletion mode
protection transistor (MP4-1) having a drain coupled to the
output conductor (6-1), coupling a gate of each of the first
(MP3-1) and second (MP4-1) depletion mode protection
transistors to the control conductor (3,V_.,), coupling a
source of a diode-connected enhancement mode transistor
(MN1) to the well region (4-1) and coupling a gate and a drain
of the diode-connected enhancement mode transistor (MN1)
to the control conductor (3,V ), and coupling well regions of
the first (MP3-1) and second (MP4-1) depletion mode pro-
tection transistors to their sources, respectively.

In one embodiment the method includes operating the first
depletion mode protection transistor (MP3-1) and the second
depletion mode protection transistor (MP4-1) to charge the
well region (4-1) to the voltage level of the first output con-
ductor (3,V 5, ) while the depletion mode transistor (MP1)
1s 1n 1its ON condition, and preventing escape of charge from
the well region (4-1) while the first depletion mode transistor
(MP1) 1s 1n 1ts OFF condition by means of a parasitic diode
(D7-1) associated with the second depletion mode protection
transistor (MP4-1).

In one embodiment the level-shifting circuits (MN1) 1s a
diode-connected enhancement mode transistor, and the
method 1includes operating the diode-connected enhancement
mode transistor (IMN1) to charge the well region (4-1) to a
voltage equal to the control voltage signal (V) minus a
torward threshold wvoltage (V) of the diode-connected
enhancement mode transistor (MIN1) when the first reference
voltage (V ,,,,) substantially exceeds the relatively low level.

In one embodiment the method includes using P-channel
depletion mode transistors as the depletion mode ground
switch transistor (MP1) and as the first and second depletion
mode protection transistors (MP3-1) and (MP4-1) and using
a N-channel enhancement mode transistor as the diode-con-
nected enhancement mode transistor (IMN1).

In one embodiment, the invention provides circuitry (17-1)
for preventing distortion of an output signal (V ;- ) caused
by ground switch circuitry (15) in an AC signal circuit (10),
including means (8-1,R1-1,R1-2) for providing the AC output
signal (V ;) on a first output conductor (6-1); a charge
pump (2) powered by a first reference voltage (V 55) to pro-
duce a control voltage signal (V .,) on a control conductor
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(3,V ~»), the control voltage signal (V ~,) having a relatively
low value 1f the first retference voltage (V ) 15 at a relatively
low level and having a relatively high value 1f the second
reference voltage (V ) 1s at arelatively high level; means (3)
for applying the control voltage signal (V) to a gate of a
depletion mode ground switch transistor (MP1) having a
source coupled to the output conductor (6-1) and a drain
coupled to a second reference voltage (GND), the depletion
mode ground switch transistor (MP1) having a well region
(4-1), a first parasitic diode (D1-1) including a PN junction
between the source (14 1n FIG. 5) and the well region (4-1 in
FIG. 5), a second parasitic diode (D2-1) including a PN
junction between the drain (16 1n FIG. 5) and the well region
(4-1), and a third parasitic diode (D3-1) including a PN junc-
tion between the well region (4-1) and a substrate (19 1n FIG.
5) ajoining the well region (4-1); means (MP3-1,MP4-1) for
charging the well region (4-1) to the voltage level of the first
output conductor (3,V 5, ) while the first depletion mode
ground switch transistor (MP1) 1s 1n 1ts ON condition, and
preventing escape of charge from the well region (4-1) while
the first depletion mode ground switch transistor (MP1) 1s in
its OFF condition by means of a parasitic diode (D7-1) asso-
ciated with the second depletion mode protection transistor
(MP4-1); and means (MN-1) for charging the well region
(4-1) to a voltage equal to the control voltage signal (V)
minus a forward threshold voltage (V) of the diode-con-
nected enhancement mode transistor (MN1) when the first
reference voltage (V) substantially exceeds the relatively
low level thereot so the depletion mode ground switch tran-
sistor (MP1) 1s 1n 1ts OFF condition.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram of a conventional audio
ground switch circuit.

FIG. 2 1s a schematic diagram illustrating parasitic diodes
associated with depletion mode field etlect transistor MP1 1n
FIG. 1 and an audio amplifier and resistive voltage divider
coupled to the drain of transistor MP1 for the case when
transistor MP1 1s in its ON condition.

FIG. 3 15 a schematic diagram the circuit of FIG. 2 for the
case when sulficient supply voltage 1s applied to the charge
pump to cause 1t to turn oif depletion mode field effect tran-
sistor MP1.

FIG. 4 1s a schematic diagram of an audio ground switch
circuit that overcomes the shortcomings of the prior art.

FIG. 5 1s an itegrated circuit section view of the P-type
depletion mode transistor MP1 in FIG. 4 illustrating the
source and drain regions, the N-type well region, the P-type
substrate, and the associated parasitic diodes.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FI1G. 4 shows an embodiment of a circuit 10 which includes
ground switch circuitry 15 that in turn includes first and
second audio signal channels and also includes negative volt-
age protection circuits 17-1 and 17-2. Negative voltage pro-
tection circuits 17-1 and 17-2 prevent negative portions of
audio signals 1n the two channels from forward biasing inter-
nal parasitic PN junctions (i.e., PN diodes) in depletion mode
“oround switch” transistors MP1 and MP2 of ground switch
circuitry 15 and thereby prevent distortion of audio signals 1n
the first and second audio signal channels caused by the
negative portions of the audio signals.

The first audio signal channel includes an audio amplifier
8-1 producing an audio output signal on conductor 7-1, and
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also includes a resistive voltage divider including speaker
resistance R2-1 coupled between output 7-1 of amplifier 8-1
and an output conductor 6-1 on which V ;- 1s produced.
Audio amplifier 8-1 1s included 1n a conventional CODEC
11-1. CODEC 11-1 has a ground sense 1mput connected to
output conductor 6-1. (The signal on conductor 6-1 1s typi-
cally used to provide internal compensation in audio CODEC
11. A ground noise resistor R1-1 1s connected between'V 5,5
conductor 6-1 and ground.) “Ground resistor” R1-1 may be 7
ohms and produces a signal on V 5, that allows CODEC
11-2 to reduce ground noise or “hum” when depletion mode
transistor MP1 1s 1n i1ts high impedance OFF condition 11 no
audio signal 1s present i the first audio channel. The low
impedance path of depletion mode transistor MP1 when 1t 1s
in 1ts ON condition reduces popping/clicking noise. The
audio “hum” 1s reduced by both ground resistance R1-1 and
circuitry 1n audio CODEC 11-1. Headset speaker resistance
R2 of external headset 13-1 may be 16 ohms and ground
resistor R1-1 may be 7 ohms.

Similarly, the second audio signal channel includes an
audio amplifier 8-2 producing an audio output signal on con-
ductor 7-2, and also includes a resistive voltage divider
including another headset speaker resistance R2-2 of another
external headset 13-2 coupled between output 7-2 of ampli-
fier 8-2 and an output conductor 6-2 on which an audio output
signal V ,,,, of the second audio signal channel 1s generated.
A ground resistor R1-2 1s connected between output conduc-
tor 6-2 and ground.

Ground switch circuitry 15 also includes a conventional
charge pump 2 coupled between a positive supply voltage
V., and the system ground. Charge pump 2 produces an
output voltage V -, on a control conductor 3. Charge pump 2
dischargesV ., to zero volts if V ,,, falls below 1ts “undervolt-
age lockout threshold”. The charge pump output voltage V -
1s coupled by control conductor 3 to the gate electrodes of
P-channel MOS (metal oxide semiconductor) depletion
mode field effect ground switch transistors MP1 and MP2
which are normally 1n their conductive or ON state when 'V
1s equal to zero volts. When V ,, 1s at a normal level, for
example 3.3 volts, then charge pump output voltage V ., 1s
boosted from 0 volts to a substantially higher level, approxi-
mately +7 volts 1n the example of FIG. 4. (Note that there
could be two or more parallel charge pumps that are select-
able so as to support two or more different voltage levels of
V ., and the charge pumps could have various architectures,
such as a closed loop charge pump architecture. Furthermore,
it would be possible to omit the charge pump if the high-
voltage level of V -, could be externally supplied by the user
as a relatively high supply voltage; that relatively high supply
voltage could be switched so as to provide a control signal that
1s substantially equivalent to V ~, on control conductor 3.
However, in most cases this approach would be highly
impractical and costly.)

The source electrode of depletion mode transistor MP1 1s
connected to V 5, conductor 6-1, and the source of deple-
tion mode transistor MP2 1s connected to V ,, -, conductor
6-2. The drain electrodes of depletion mode transistors MP1
and MP2 are connected to ground. Depletion mode transistor
MP1 has a P-type source region 14 and a P-type drain region
16 formed 1n an N-type well region 4-1 of depletion mode
transistor MP1 as shown in subsequently described Prior Art
FIG. 5§, and depletion mode transistor MP2 has a similar
structure 1n 1ts own well region. N-type well region 4-1 of
depletion mode transistor MP1 1s disposed on a P-type sub-
strate 19, as shown 1n FIG. 5. The P-type source 14 and the
N-type well region 4-1 of depletion mode transistor MP1
form an associated parasitic diode D1-1 which has a substan-
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t1al parasitic capacitance, and the P-type drain region 16 and
the N-type well region 4-1 of depletion mode transistor MP1
form an associated parasitic diode D2-1 which also has a
substantial parasitic capacitance. The N-type well region 4-1
and above mentioned P-type substrate together form an asso-
ciated parasitic “substrate diode” D3-1 having a substantial
parasitic capacitance.

In the mtegrated circuit section view of FIG. 5, 1t can be
seen that P-channel depletion mode transistor MP1 includes
P-type source region 14 and a P-type drain region 16 formed
in N-type well region 4-1, which 1s formed on P-type sub-
strate 19. A gate oxide 18 1s formed over the P-type channel
region 20 extending immediately under gate oxide 18 from
the edge of the P-channel source region 14 to the edge of the
P-channel drain region 16. A gate electrode 21 1s formed on
the upper surface of gate oxide 18. An N+ contact region 23
allows low-resistance electrical contact to N-type well region
4-1, and P+ regions 24 allow low-resistance context to P+
substrate 19. Above-mentioned parasitic diode D1-1 includes
the PN junction between source region 14 and well region
4-1. Parasitic diode D2-1 includes the PN junction between
drain region 16 and well region 4-1, and substrate diode D3-1
includes the PN junction between substrate region 19 and
well region 4-1.

In FIG. 4, the output of audio amplifier 8-1 on conductor
7-11s arelatively large-amplitude audio signal having arange
of, for example, £2.63 volts. The divided-down output volt-
age on conductor 7-1 of audio amplifier 8-1 appears as V -,
on conductor 6-1 and would have a range of £0.8 volts 1f
depletion mode transistor MP1 were OFF 1nstead of ON.
However, 1f depletion mode transistor MP1 1s 1n 1ts ON con-
dition, 1ts very low channel resistance 1s in parallel with
ground resistor R1 and causes the magnitude otV ,,,, to be
insuificient to cause forward biasing of any of the parasitic
diodes.

IT'V ,, has a sufficiently large value to cause charge pump
output voltage V ., to be equal to approximately +7 volts, that
results 1n a sufliciently high magnitude of the gate-to-source
voltage of depletion mode ground switch transistor MP1 to
turn depletion mode transistor MP1 completely OFF (1.e., to
switch MP1 ito 1ts high-impedance state). The full £0.8 volt
divided-down output value ot V ,, -, on conductor 6-1 there-
fore can be applied to a headset resistance R2-1 that 1s con-
nected between amplifier output conductor 7-1 and V 5,
conductor 6-1.

Ground switch circuitry 135 also includes negative voltage
protection circuit 17-1 which ensures that well region 4-1 of
depletion mode transistor MP1 1s always biased such that
none of its associated parasitic diodes ever become forward
biased. It should be understood that the parasitic diodes asso-
ciated with depletion mode ground switch transistor MP1 are
always reversed biased as long as N-type well region 4-1 1s
connected to the highest voltage associated with MP1. Unfor-
tunately, that highest voltage 1s not always available to be
coupled to well region 4-1 11 the highest voltage 1s connected
directly to V 5, as in Prior Art FIGS. 1-3. Consequently, in
that case the substrate diode D3-1 will become forward biased
if depletion mode transistor MP1 1s 1n 1ts OFF condition and
V o 18 at its minimum -0.8 voltlevel. This would introduce
unacceptable distortion into V ;. In contrast to the prior art
of FIGS. 1-3, well region bias circuit 17-1 of FIG. 4 avoids
this problem.

Negative voltage protection circuit 17-1 includes a P-chan-
nel depletion mode “protection” transistor MP3-1 which has
its drain connected to well region 4-1, its gate connected to
charge pump output voltage V -, conductor 3, and its source
connected to the source of another P-channel depletion mode
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protection transistor MP4-1. Conductor 5-1 1s connected to
the N-type well regions and to the sources of both of depletion
mode protection transistors MP3-1 and MP4-1. Note that all
of depletion mode transistors MP1 and MP2 have their own
respective well regions, and depletion mode protection tran-
sistors MP3-1 and MP4-1 may share a common well region or
alternatively they may be formed 1in separate well regions that
are connected together by conductor 3-1. The gate of deple-
tion mode protection transistor MP4-1 1s connected to V .
and 1ts drain 1s connected to V ,,,, conductor 6-1. Depletion
mode protection transistor MP3-1 includes an associated
parasitic diode D6-1 having 1ts anode connected to N-type
well region 4-1 and having its cathode connected by conduc-
tor 5-1 to awell region of depletion mode protection transistor
MP3-1. A parasitic diode D4-1 has its anode connected to the
source of depletion mode protection transistor MP3-1 and
also has 1ts cathode connected to conductor 5-1. Parasitic
diodes D4-1 and D5-1 are short-circuited by conductor 5-1. A
parasitic diode D5-1 has 1ts anode connected to the source of
depletion mode protection transistor MP4-1 and has its cath-
ode connected to conductor 5-1. A parasitic diode D7-1 has 1ts
anode connected by V. conductor 6-1 to the drain of
depletion mode protection transistor MP4-1 and 1ts cathode
connected to conductor 5-1. The channel-width-to-channel-
length ratios of depletion mode protection transistors MP3-1
and MP4-1 are much less than the corresponding ratios of
depletion mode protection transistors MP1 and MP2, because
they only need to bias the well region 4-1 but do not need to
sink any signal current.

In FIG. 4, the gate and drain of an N-channel enhancement
mode transistor MN1 are connected to V - conductor 3, and
the source of diode-connected transistor MN1 1s connected to
well region 4-1. The body electrode of diode-connected
N-channel enhancement mode MOS transistor MN1 1s con-
nected to ground.

IV =0 volts1s applied to charge pump 2, thenV -~ »1s also
0 volts, and therefore V 5.+, 1s coupled to the system ground
by the ON channel resistance of MP1. More specifically, 1t
there 1s no VGS turn-oif voltage applied between the gate and
source of depletion mode ground switch transistor MP1, then
MP1 and depletion mode protection transistors MP3-1 and
MP4-1 all are 1n their ON states and N-type well region 4-1 1s
connected to V 5, (which 1s the highest voltage 1n the cir-
cuit) through the ON resistances of depletion mode protection
resistors MP3-1 and MP4-1. Consequently, there 1s no chance
of forward biasing of any of the parasitic diodes.

However, if a substantial value of V ,,, (e.g., 3.3 volts) 1s
applied to “power up” charge pump 2, then (1n this example)
V., may be boosted up approximately +7 volts, and then
depletion mode transistor MP1 and depletion mode protec-
tion transistors MP3-1 and MP4-1 are in their igh impedance
OFF states. Therefore the highest voltage 1n the circuit (i.e.,
V o1 ) 18 not available to bias N-type well region 4-1. Con-
sequently, enhancement mode transistor MN-1 1s used as
shown because V - 1s equal to approximately 7 volts and the
voltage of well region 4-1 1s less than the quantity 7-V . volts.
Well-region-charging enhancement mode transistor NM-1
will conduct current and charge N-type well region 4-1 up to
V ~»-V ~and then turn off, ensuring that all of parasitic diodes
D1-1, D2-1, and D2-3 are reverse biased.

When charge pump 2 not powered, 1.e.,11V =0,V 5, 18
clfectively short-circuited to ground because charge pump 2
automatically discharges V., to ground whenever V =0,
and this causes depletion mode transistor MP1 to be 1n 1ts
conductive ON condition. Therefore, diode-connected
enhancement mode N-channel transistor MN-1 cannot be 1n
1ts ON state because it 1s reverse biased, or 1n a worst case the
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voltages of the source, gate, and drain of enhancement mode
well region charging transistor MN1 all are equal to zero
volts. In that case, depletion mode protection transistors
MP3-1 and MP4-1 can allow current to flow through deple-
tion mode transistors MP3-1 and MP4-1 because both are in
their conductive ON states since their gates are at ground
voltage. Consequently, N-type well region 4-1 will be biased
to the voltage level o1V 5, and this will prevent any forward
biasing of substrate diode D3-1 or any of the other parasitic
diodes when 'V ;- 1s at or near its minimum -0.8 volt level.

When charge pump 2 1s powered by V ,,=3.3 volts, N-type
well region 4-1 of depletion mode transistor MP1 will be
charged to V -V ~volts during a short time interval by diode-
connected enhancement mode transistor MN1, where V . 1s
the forward threshold voltage of diode-connected enhance-
ment mode transistor MN1. The above-mentioned short time
interval 1s the transition time for V -, to increase from 0 volts
up to approximately +7 volts. (The short time interval also 1s
the time constant of the resistance of diode-connected
enhancement mode transistor MN-1 and the capacitance of
the parasitic diodes D1-1, D2-1, and D2-3 associated with
depletion mode transistor MP1.) Enhancement mode transis-
tor MN1 will turn on for a short amount of time as V ., 1s
rising, allowing current to tlow from charge pump 2 through
conductor 3 and into N-type well region 4-1, thereby charging
well region 4-1 and its parasitic capacitance to V -V ..

Note that 1I diode-connected transistor MN1 1s omitted,
N-type well region 4-1 would be charged to exactly V .., and
therefore depletion mode protection transistors MP3-1 and
MP4-1 would not turn off because the drain voltage of deple-
tion mode protection transistor MP3-1 would be the same as
its gate voltage. Depletion mode protection transistors MP3-1
and MP4-1 therefore would never turn off, so there always
would be a current path from the output V ., through the
protection depletion mode transistors MP3-1 and MP4-1, and
that would cause substantial distortion o'V ., . The purpose
of diode-connected transistor MN1 1s to lower the voltage on
the drain of depletion mode protection transistor MP3-1 so
the two depletion mode protection transistors MP3-1 and
MP4-1 can turn off. The parasitic capacitance associated with
well region 4-1 1s charged up through diode-connected
enhancement mode transistor MN1 until it turns itself off, and
thereafter diode-connected enhancement mode transistor
MN1 supplies only the negligible amount of current needed to
keep well region 4-1 charged to the V -V - level.

It should be appreciated that the reason both back-to-back
depletion mode transistors MP3-1 and MP4-1 (rather than
just one) are needed 1s because with only one of them (e.g.,
MP3-1) there would be no suitable way of biasing well region
5-1. For example, i1 well region 5-1 were directly connected
to V 57 » the problem would be that the voltage of V 5, on
conductor 6-1 would be lower than the voltage of well region
4-1 because (in this example) V ;- 1s 3.3 volts and well
region 4-1 1s charged to V .., (which 1s +7 V 1n this example)
minus the turn-on voltage V - of diode-connected transistor
MN1. Therefore, parasitic diode D6-1 would become forward
biased and allow current to flow from charge pump 2 into
V -7 conductor 6-1. To prevent this, back-to-back depletion
mode protection transistors MP3-1 and MP4-1 allow well
region 4-1 to be charged to the to thelevel of V .-V .. Reverse
biased parasitic diode D7-1 then blocks any of that charge
from escaping from well region 35-1, since diode D7-1 1s
reverse biased.

Ground switch circuitry 15 also includes a second negative
voltage protection circuit 17-2 which ensures that well region
4-2 of depletion mode ground switch transistor MP2 1s always
biased such that none of the parasitic diodes associated with
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depletion mode transistor MP2 becomes forward biased.
Negative voltage protection circuit 17-2 in FIG. 4 avoids this
problem because the structure and operation of well bias
circuit 17-2 are essentially the same as the structure and
operation of well region bias circuit 17-1.

The described embodiment of the mnvention avoids distor-
tion of audio signals 1n one or more audio signal channels
while allowing a positive level of V 5., 10 be applied when
noV ., power 1s being applied charge pump 2, and also while
allowing positive and negative levels of V 5.+ to be applied
when V ,, power 1s being applied to charge pump 2. This
cnables system engineers to use a higher external ground
resistance for noise immunity by tolerating the resulting
larger negative voltage swings.

While the invention has been described with reference to
several particular embodiments thereof, those skilled in the
art will be able to make various modifications to the described
embodiments of the invention without departing from 1ts true
spirit and scope. It1s intended that all elements or steps which
are mnsubstantially different from those recited in the claims
but perform substantially the same functions, respectively, in
substantially the same way to achieve the same result as what
1s claimed are within the scope of the invention. For example,
the described embodiment of the invention i1s just one
example how a sellf grounding switch transistor inherently
short-circuits the output until the grounding switch transistor
“wakes up” 1 response to “waking up” of the “switch con-
trol”, 1.e., to the charge pump. A grounding switch transistor
protection circuit generally as described 1n this invention can
be used any application wherein bipolar signals (1.e., signals
having both positive and negative values with respect to a
ground reference) need to be driven accurately all the time,
including during turning the grounding switch transistor on
and ofl. For example, 1t may be very important to protect a
negative voltage to be applied to a precision motor drive
circuit to prevent causing a small erroneous angle shift in the
position of the rotor. (This would be analogous to the click-
ing/popping sound 1n a described audio application.) The
invention also may be utilized in various other applications
that require a very well controlled drive signal during the
powering-up of a device. Also, It may be possible to accom-
plish the charging function of enhancement mode will region
charging transistor MN1 with a different kind of diode, such
as an ordinary PN diode, 1if a PN diode or other diode available
in a particular itegrated circuit manufacturing process pro-
vides the needed voltage drop if a suitable level shifting
circuit could be utilized to adjust the charge pump output
voltage to make use of a PN diode more practical. Further-
more, 1t would be possible to omit the charge pump 1f the
high-voltage level o V -, could be externally supplied by the
user as a relatively high supply voltage; that relatively high
supply voltage could be switched so as to provide a control
signal that 1s substantially equivalent to V -, on control con-
ductor 3. However, in most cases this approach would be
highly impractical and costly.

What 1s claimed 1s:

1. Self-grounded circuitry comprising:

(a) a first signal channel conducting a first output signal on

a first output conductor;

(b) a charge pump powered by a first reference voltage and
producing a control voltage signal on a control conduc-
tor, the control voltage signal having a relatively low
value 11 the first reference voltage 1s at a relatively low
level and having a relatively high value 11 the first refer-
ence voltage 1s at a relatively high level;

(¢) a ground switch circuit including a first depletion mode
transistor having a source coupled to the first output
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conductor, a gate coupled to recerve the control voltage

signal, and a drain coupled to a second reference voltage,

the first depletion mode transistor having a first well

region, a first parasitic diode including a PN junction

between the source and the first well region, a second

parasitic diode including a PN junction between the

drain and the first well region, and a third parasitic diode

including a PN junction between the first well region and

a substrate ajoining the first well region; and

(d) a first negative voltage protection circuit including

1) a first depletion mode protection transistor having a
drain coupled to the first well region, a source coupled
to a source of a second depletion mode protection
transistor having a drain coupled to the first output
conductor, the first and second depletion mode pro-
tection transistors each having a gate coupled to the
control conductor, well regions of the first and second
depletion mode protection transistors being con-
nected to their sources, respectively, and

2) a level-shifting circuit coupled between the first well
region and the control conductor.

2. The self-grounded circuitry of claim 1 wherein the level-
shifting circuit 1s a diode-connected enhancement mode tran-
s1stor having a source coupled to the first well region and a
gate and a drain both coupled to the control conductor.

3. The self-grounded circuitry of claim 2 wherein the first
output signal 1s an audio frequency signal.

4. The self-grounded circuitry of claim 1 wherein the first
signal channel includes a first amplifier, a resistive voltage
divider including a first ground noise resistor coupled
between the first output conductor and the second reference
voltage, and a first resistance of a speaker of an external
headset coupled between an output of the first amplifier and
the first output conductor.

5. The self-grounded circuitry of claim 2 wherein the first
ground noise resistor has a resistance of approximately 7
ohms and wherein the first resistance has a value of approxi-
mately 16 ohms.

6. The self-grounded circuitry of claim 2 wherein the first
depletion mode transistor 1s a P-channel MOS depletion
mode transistor and the diode-connected enhancement mode
transistor 1s a N-channel enhancement mode MOS transistor.

7. The self-grounded circuitry of claim 1 wherein a chan-
nel-width-to-channel-length ratio of the enhancement mode
transistor 1s substantially less than a channel-width-to-chan-
nel-length ratio of the first depletion mode transistor.

8. The self-grounded circuitry of claim 4 wherein the first
well region 1s an N-type well region adjoiming a P-type sub-
strate.

9. The selt-grounded circuitry of claim 2 wherein the
diode-connected enhancement mode transistor charges the
first well region to a voltage equal to the control voltage signal
minus a forward threshold voltage of the diode-connected
enhancement mode transistor when the first reference voltage
substantially exceeds the relatively low level.

10. The self-grounded circuitry of claim 1 wherein the first
depletion mode protection transistor and the second depletion
mode protection transistor cooperate to perform the functions
of allowing the well region to be charged to the voltage level
of the first output conductor while the first depletion mode
transistor 1s 1n 1ts ON condition, and preventing escape of
charge from the well region while the first depletion mode
transistor 1s 1n its OFF condition by means of a parasitic diode
associated with the second depletion mode protection tran-
s1stor.
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11. The self-grounded circuitry of claim 2 wherein a body
clectrode of the diode-connected enhancement mode transis-
tor 1s connected to the second reference voltage.

12. The self-grounded circuitry of claim 1 wherein the first
well region 1s an N-type semiconductor layer disposed on a
P-type semiconductor substrate, the source and the drain of
the first depletion mode transistor are P-type regions in the
first well region and are separated by a P-type channel region
in the first well region.

13. The self-grounded circuitry of claim 4 wherein the first
negative voltage protection circuit operates so as to prevent
clicking/popping sounds when the headset 1s plugged into a
jack connected to the first output conductor.

14. The selif-grounded circuitry of claim 1 wherein the
charge pump operates to cause the control voltage signal to be
equal to approximately zero if the first reference voltage 1s at
a relatively low level.

15. The self-grounded circuitry of claim 1 including a
second signal channel conducting a second output signal on a
second output conductor, wherein the ground switch circuit
turther includes a second depletion mode transistor having a
source coupled to the second output conductor and having a
structure essentially the same as the first depletion mode
transistor, and wherein the ground switch circuit also includes
a second well region protection circuit that 1s essentially the
same as the first well region protection circuit.

16. A method for preventing distortion of an output signal
caused by ground switch circuitry 1n a selif-grounding switch
circuit, the method comprising;

(a) providing the output signal on an output conductor;

(b) operating a charge pump powered by a first reference
voltage to produce a control voltage signal on a control
conductor, the control voltage signal having a relatively
low value if the first reference voltage 1s at a relatively
low level and having a relatively high value 1t the first
reference voltage 1s at a relatively high level;

(¢) applying the control voltage signal to a gate of a deple-
tion mode ground switch transistor having a source
coupled to the output conductor and a drain coupled to a
second reference voltage, the depletion mode ground
switch transistor having a well region, a first parasitic
diode 1ncluding a PN junction between the source and
the well region, a second parasitic diode including a PN
junction between the drain and the well region, and a
third parasitic diode including a PN junction between
the well region and a substrate ajoining the well region;
and

(d) coupling the well region to a drain of a first depletion
mode protection transistor having a drain coupled to the
well region, a source coupled to a source of a second
depletion mode protection transistor having a drain
coupled to the output conductor, coupling a gate of each
of the first and second depletion mode protection tran-
sistors to the control conductor, coupling a level-shifting,
circuit between the well region and the control conduc-
tor, and coupling well regions of the first and second
depletion mode protection transistors to their sources,
respectively.

17. The method of claim 16 including operating the first
depletion mode protection transistor and the second depletion
mode protection transistor to charge the well region to the
voltage level of the first output conductor while the depletion
mode transistor 1s 1n 1ts ON condition, and preventing escape
of charge from the well region while the first depletion mode
transistor 1s 1n its OFF condition by means of a parasitic diode
associated with the second depletion mode protection tran-
s1stor.
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18. The method of claim 16 wherein the level-shifting
circuit 1s a diode-connected enhancement mode transistor, the
method 1ncluding operating the diode-connected enhance-
ment mode transistor to charge the well region to a voltage
equal to the control voltage signal minus a forward threshold
voltage of the diode-connected enhancement mode transistor
when the first reference voltage substantially exceeds the
relatively low level.

19. The method of claim 18 including using P-channel
depletion mode transistors as the depletion mode ground
switch transistor and as the first and second depletion mode
protection transistors, the method also including using a
N-channel enhancement mode transistor as the diode-con-
nected enhancement mode transistor.

20. Circuitry for preventing distortion of an output signal
caused by ground switch circuitry in an AC signal circuit,
comprising;

(a) means for providing the AC output signal on an output

conductor;

(b) a charge pump powered by a first reference voltage to
produce a control voltage signal on a control conductor,
the control voltage signal having a relatively low value if
the first reference voltage 1s at a relatively low level and
having a relatively high value 11 the second reference
voltage 1s at a relatively high level;
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(c) means for applying the control voltage signal to a gate

of a depletion mode ground switch transistor having a
source coupled to the output conductor and a drain
coupled to a second reference voltage, the depletion
mode ground switch transistor having a well region, a
first parasitic diode including a PN junction between the
source and the well region, a second parasitic diode
including a PN junction between the drain and the well
region, and a third parasitic diode including a PN junc-
tion between the well region and a substrate ajoining the
well region;

(d) means for charging the well region to the voltage level

of the first output conductor while the first depletion
mode ground switch transistor 1s in its ON condition,
and preventing escape of charge from the well region
while the first depletion mode ground switch transistor 1s
in 1ts OFF condition by means of a parasitic diode asso-
ciated with the second depletion mode protection tran-
sistor; and

(¢) means for charging the well region to a voltage equal to

the control voltage signal minus a forward threshold
voltage of the diode-connected enhancement mode tran-
sistor when the first reference voltage substantially
exceeds the relatively low level thereot so the depletion
mode ground switch transistor 1s 1n its OFF condition.
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